We conducted a cross-sectional study to clarify the dose-effect relationship of smoking habits with blood pressure in Japanese men. The subjects were 2781 normotensive male steelworkers ranging in age from 40 to 54 years. They were classified into five categories according to their smoking habits: non-smokers, exsmokers, light smokers, moderate smokers and heavy smokers. Age, body mass index, salt intake, physical activity, drinking habits, and levels of gamma-glutamyl transpeptidase, total serum cholesterol, uric acid, creatinine and plasma glucose were analysed as covariates. The association between smoking habits and blood pressure was evaluated using analysis of covariance. Our results showed that there was no significant differ-
Introduction
While smoking has been shown to raise blood pressure by vasoconstriction and accelerated heart rate as an acute effect, [1] [2] [3] [4] the chronic effects of habitual smoking have not been elucidated in epidemiological studies. Different groups have reported that no association existed between smoking habit and blood pressure, [5] [6] [7] [8] [9] that blood pressure of smokers was lower than that of non-smokers, [10] [11] [12] [13] [14] [15] [16] or that smoking raised blood pressure. [17] [18] In addition, a dose-effect relationship between daily smoking amount and blood pressure was significant in some studies, [13] [14] [15] while others failed to confirm this finding. 11, 19, 20 All of the studies pointing out a doseeffect relationship used a linear model, purporting a linear relationship between smoking amount and blood pressure. However, a significant partial coefficient could be obtained in multiple regression analysis for subjects including non-and/or ex-smokers and smokers, even if smoking amount is not significantly related to blood pressure among smokers. A significant difference in blood pressure between smokers and non-smokers could produce such a result. Thus, this mathematical model is not appropriate for evaluation of the dose-effect relationship between smoking habits and blood pressure. It therefore occurred to us that the effect of smoking habits on blood pressure, especially the dose-effect relationship, is still unclear. From this point of view, analysis of covariance (ANCOVA) is thought to be the most useful model for evaluation of such a relationship.
Another possible reason for such conflicting results is that there are many factors related to blood pressure. Therefore, adjusting for various confounding factors is necessary to precisely evaluate the effects of smoking habits on blood pressure. In addition, to prevent hypertension, it is worthwhile to clarify the effect of smoking habits on blood pressure among normotensive subjects. However, epidemiological cross-sectional studies adjusted for various confounding factors have not been conducted on normotensive subjects.
Materials and methods

Subjects
The subjects of this cross-sectional study were 2871 male Japanese steelworkers aged 40 to 54 years (46.8 ± 3.9 years) who showed normal blood pressure (systolic blood pressure Ͻ140 mm Hg and diastolic blood pressure Ͻ90 mm Hg) in an annual health examination in 1990. Subjects who had been diagnosed with hypertension and had started antihypertension therapy in 1990 or before were excluded.
Blood pressure measurement
A nurse measured blood pressure while participants were seated, using an automatic sphygmomanometer (BP103 II made by Colin Medical Instruments). If blood pressure was elevated (Ͼ140 mm Hg systolic, and Ͼ90 mm Hg diastolic) three measurements were taken at 5-min intervals, and the lowest reading recorded.
Smoking habit
Smoking habits were evaluated by a self-administered questionnaire at an annual health examination in 1990, and a public health nurse confirmed the results of the questionnaire in semi-structured individual interviews.
Smoking habits and the amount of tobacco consumed were examined in the questionnaire and subjects were classified into five categories; non-smokers, ex-smokers, light smokers (1-19 cigarettes/day), moderate smokers (20-39 cigarettes/day) and heavy smokers (more than 40 cigarettes/day). Number of participants according to age and smoking habit is shown in Table 1 . 
Lifestyle, blood test and physical measurement
Aspects of lifestyle such as alcohol consumption, dietary salt intake and exercise were also included in the questionnaire. Blood tests and anthropometrical measurements were recorded at the same time.
Daily alcohol consumption was estimated on the basis of average alcohol taken during a typical drinking session and the average frequency of drinking sessions. Daily alcohol consumption was used as the indicator of drinking habits. Since the association between alcohol consumption and blood pressure was non-linear, 21 drinking habits were divided into four groups; non-drinkers, light drinkers (0.1-18.0 ml of ethanol/day), moderate drinkers (18.1-45.0 ml of ethanol/day) and heavy drinkers (more than 45.1 ml of ethanol/day).
We asked subjects to describe the type and number of meals consumed on the day previous to the health examination. If the meals consumed on this day were described as being atypical, we obtained the corresponding information for another day. We calculated the daily salt intake in the diet based on the results of this investigation, using the 4th revision of the table of Japanese food standard components (Resources Council, Science and Technology Agency; Tokyo, 1992).
The amount of habitual exercise was calculated based on the type of exercise and the frequency and time spent for each type of exercise as part of a regular regimen. In addition to blood pressure, we obtained information in seven items of blood chemistry and physical measurements; age, body mass index (BMI), and level of gamma-glutamyl transpeptidase (GTP), total serum cholesterol, uric acid, creatinine and plasma glucose. Blood samples were taken while fasting; participants were prohibited from food and drink after 9 pm on the previous night.
Statistical analysis
In monovariate analysis, blood pressure, age, BMI, lifestyle, and results of blood tests were compared according to drinking habit using one-way analysis of variance (ANOVA) with the Dunnett procedure as the post hoc testing in which reference subjects were non-smokers.
In multivariate analysis, the associations between smoking habits and blood pressure were analysed using ANCOVA. In the analysis, systolic and diastolic blood pressure were used as dependent variables and categorised smoking and drinking habits served as fixed factors among independent variables. Age, BMI, salt intake, habitual exercise, drinking amount and level of GTP, total serum cholesterol, uric acid and plasma glucose were used as independent variables. In addition, we estimated the adjusted mean of systolic and diastolic blood pressure for comparison among the various categories of smoking habits. Bonferroni's procedure was performed for multiple comparisons. Multiple regression analysis was also performed to analyse the association between smoking amount and blood pressure. The same items were used as independent variables, except for categorised smoking and drinking habits. In this analysis, smoking amount and drinking amount, rather than categorised smoking and drinking habits, were used as independent variables.
Habitual exercise and levels of GTP, total serum cholesterol, uric acid and plasma glucose were transformed logarithmically in consideration of their distributions. All statistical analyses were performed using SPSS release 10.0.7.J.
Results
Associations between smoking habit and blood pressure, age, BMI, lifestyle or results of blood tests (results of one-way ANOVA)
The results of ANOVA according to smoking habit are shown in Table 2 .
The systolic and diastolic blood pressure of light and moderate smokers were significantly lower than those of non-smokers, but those of heavy smokers were not.
Age of moderate smokers, and BMI of light and moderate smokers were also significantly lower than those of non-smokers, but those of heavy smokers were not significantly different. Regarding lifestyle, salt intake of moderate smokers was significantly less than that of non-smokers, and habitual exercise of each group of smokers was significantly higher than that of non-smokers. BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood pressure. One-way ANOVA was performed to compare means according to smoking habit. NS: not significant; ‡P Ͻ 0.05, ‡ ‡P Ͻ 0.01, ‡ ‡ ‡P Ͻ 0.001. Dunnett method was performed as post hoc testing (control: non-smokers). NS: not significant, *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001.
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Regarding blood test results, the level of GTP of moderate and heavy smokers was significantly higher than that of non-smokers. The level of total serum cholesterol of light smokers, the level of uric acid of light and moderate smokers, and the level of creatinine of each group of smokers were significantly lower than those of non-smokers. The difference in plasma glucose levels between each group of smokers and non-smokers were not significant.
Differences in all items except for alcohol consumption between ex-smokers and non-smokers were not significant.
Association of smoking habits and blood pressure (results of multiple regression analysis and ANCOVA)
The results of multiple regression analysis are shown in Table 3 .
In all subjects including non-smokers, ex-smokers and smokers, smoking amount was a significant variable. To the contrary, in the subjects including only smokers, smoking amount was not a significant variable.
The results of ANCOVA are shown in Table 4 , and adjusted mean of systolic and diastolic blood pressures are shown in Figure 1 .
According to the results of ANCOVA, smoking habits constituted a significant independent variable for adjusted systolic and diastolic blood pressure. Other items related to systolic and diastolic blood pressure were drinking habits, BMI and levels of GTP, uric acid and plasma glucose. In addition, age was significantly related only to diastolic blood pressure. No significant differences in either adjusted systolic or diastolic blood pressure between nonsmokers and ex-smokers were observed. Adjusted systolic and diastolic blood pressure of light smokers, moderate smokers and heavy smokers were significantly lower than both non-smokers and ex-smokers. The difference of adjusted diastolic blood pressure between heavy smokers and ex-smokers was not significant. However, no significant difference in systolic and diastolic blood pressure among light, moderate and heavy smokers was observed.
Discussion
A consensus has not been reached regarding the association between smoking habits and blood pressure. It is known that age, obesity, drinking habits and physical activity are confounding factors with regard to smoking habits. It has been reported that the prevalence of smokers decreased with increase in age, 11 and smokers have a lower prevalence of obesity, 13 higher amount of drinking 11 and less physical activity 22 than non-smokers. In most studies, however, the effects of such important confounding factors were not considered thoroughly. In our review of the literature we have found studies that were adjusted for age and obesity, [7] [8] [9] 12, 13, 19, [23] [24] [25] [26] alcohol consumption, 14, 24, 25 physical activities 8, 9, 26 blood chemistry. 14, 24, 25 Most studies were adjusted for age and obesity.
In addition, negative dose-effect relationships between the amount of smoking and systolic, 15, 27 diastolic blood pressure 28 or both 13 have been reported. On the other hand, some studies failed to observe a significant dose-effect relationship. 11, 19, 20 Savdie et al 14 conducted a case-control study, Figure 1 Comparisons of adjusted systolic and diastolic blood pressure according to smoking habit (Adjusted mean ± s.e.). Age BMI, salt intake, habitual exercise, GTP, total cholesterol, uric acid, creatinine, plasma glucose, and alcohol consumption were adjusted. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001 by Bonferroni method.
matched for age, sex and obesity, and found lower blood pressure in smokers than in non-smokers. Honda et al 25 performed multiple regression analysis using alcohol consumption (per 10 ml/day), smoking habit (yes/no) and BMI (per 1 kg/m 2 ), and suggested a lower blood pressure level among smokers than non-smokers. The study by Ueshima et al 24 had the design most similar to our study. In their cross-sectional study, they adopted age, obesity index, cholesterol, triglyceride, haemoglobin, uric acid, drinking habit, and smoking habits (categorised as non-, ex-, light, moderate and heavy smokers) as covariates. According to the results of multiple regression analysis, smoking habits were significantly associated with diastolic blood pressure in the urban population. However, this result did not demonstrate the existence of a dose-effect relationship.
In the study, multiple regression analysis was performed. However, this procedure is not suitable for evaluation of the dose-effect relationship between smoking habit (amount) when the difference in blood pressure between non-and/or ex-smokers and smokers is significantly large, and the difference in blood pressure according to smoking levels of smokers is not significant. In this case, it is possible that significant partial coefficients could be obtained by multiple regression analysis. In fact, in our multiple regression analysis for all subjects including nonsmokers, ex-smokers and smokers, significant coefficients were obtained. However, in the same procedure for smokers only, no significant coefficient was obtained. In addition, significant differences in adjusted blood pressure were found between nonsmokers or ex-smokers and each group of smokers, Journal of Human Hypertension and no significant difference was found among the groups of smokers by ANCOVA. Therefore, a negative coefficient, which was provided by multiple regression analysis, did not demonstrate the exact dose-effect relationship. As mentioned above, ANCOVA is thought to be the most suitable mathematical model for evaluation of the dose-effect relationship between smoking habit and blood pressure in subjects including non-smokers, exsmokers and smokers. According to the results of ANCOVA and multiple regression analysis, it was suggested that there was no significant dose-effect relationship between smoking amount and blood pressure in the present study.
The rebound phenomenon and the adaptation process were suggested as reasons smokers showed lower blood pressure than non-smokers. 12, 28 We cannot disregard the possibility that our results were affected by these factors. However, it has been suggested that after the first few puffs of smoke, blood pressure increases abruptly and only returns to presmoking levels after 1-2 hours. 28, 29 Thus it was pointed out that unless smokers had refrained from smoking on the day of examination, it was unlikely that lower blood pressure in smokers was due to withdrawal. 30 Therefore, the rebound phenomenon and the adaptation process cannot explain the mechanism of the effect of smoking on blood pressure completely.
Our investigation was a cross-sectional study that considered confounding factors thought to be related to blood pressure, and evaluated the effect of smoking habits on blood pressure among 2871 workers, hence we could not discount the possibility of the effect of quitting smoking due to health related problems. To clarify the long-term effect of smoking habits, it would be ideal to conduct a longitudinal study considering the factors mentioned above.
